Abstract Endothelial cells (ECs) that line the inner surface of blood vessels are continuously exposed to fluid frictional force (shear stress) induced by blood flow, and shear stress affects the intracellular calcium ([Ca 2ϩ ] i ), which initiates cellular responses. Here, we studied the effect of long-term exposure of shear stress on [Ca 2ϩ ] i responses in cultured ECs by using a confocal laser microscope and calcium indicator. At the initiation of shear stress of 20 dyn/cm 2 (0 hr), 27% of the cells exhibited [Ca 2ϩ ] i responses. This percentage gradually decreased with increasing exposure time, reaching about 4% after 24 hr of exposure. These data indicate that long-term shear-stress exposure affects [Ca 2ϩ ] i responses in cultured ECs. Furthermore, we studied the effect of magnitude of shear stress on macromolecule uptake. For the low shear-stress, the uptake was enhanced, whereas the uptake was inhibited for higher shear-stress.
Introduction
A human body is organized hierarchically and has organ systems. These organ systems carry out major physiological functions, such as circulatory, respiration, and digestion. The circulatory system is made up of blood vessels, which deliver a continual flow of blood to each functional unit. It is well known that blood pressure and blood flow in the human body response to outer environments. Endothelial cells (ECs) that line the inner surface of blood vessels are continuously exposed to fluid frictional force (shear stress) induced by blood flow in the human body. Once thought to be simply a passive barrier, the ECs are now recognized as being a dynamic participant in the biology of a blood vessel. Furthermore, this shear stress affects the physiological and biochemical processes in ECs. The change of EC functions are considered to be largely-concerned with circulatory system in the human body. Shear stress might directly affect endothelial signaltransduction systems that initiate cellular responses. Intracellular calcium ([Ca 2ϩ ] i ) is an important second messenger that mediates other critical intracellular pathways after stimulation of ECs by various agonists and forces. The role of second messengers, in particular the role of [Ca 2ϩ ] i , in shear-stress-induced responses in ECs is not fully understood. Thus, in this study, we investigated the effect of exposure time of frictional force (shear stress) on [Ca 2ϩ ] i response. Furthermore, we also investigated the effect of magnitude of shear stress on other endothelial functions because blood flow varies at different condition even within one individual.
Methods

Cell culture
Bovine aortic endothelial cells (BAECs; Dainippon Pharmaceutical Co., Ltd.) were cultured and grown to confluence in Dulbecco's Modified Eagles Medium (DMEM), containing 10% fetal bovine serum (FBS; SIGMA), 10000 U/ml penicillin, 10000 mg/ml streptomycin, 25 mg/ml anfotelicin B, and 25 mM Hepes (pH 7.4). For the shear-stress experiments, cells from passages 6-10 were cultured on a coverslip (5.5 cm length, 3.5 cm width; Matsunami) pretreated with 0.1% collagen (Koken). Cells grown in DMEM with 10% FBS reached confluence within 4 days.
The flow circuit for [Ca 2ϩ ] i measurement DMEM flowed from a polycarbonate reservoir mounted 60 cm above a microscope platform through polypropylene tubing into a flow chamber that was mounted on a microscope stage. From the outlet of the flow chamber, DMEM was collected into a lower polycarbonate reservoir and then pumped back to the upper reservoir. The flow circuit and flow chamber were kept at 37°C and maintained at pH 7.4 by continuous gassing with a mixture of 5% CO 2 in air. The cells were exposed to 20 dyn/cm 2 of shear stress for 0, 3, 6, 12, and 24 hr. After ] i of BAECs, fluorescent and phase contrast images of the BAECs were obtained by using a confocal laser scanning microscope (CLSM; MRC-1000, BioRad) mounted on an inverted microscope (TMD 300, Nikon) with a 20ϫobjective lens. The excitation wavelength was 488 nm from a 25-mW argon laser. The [Ca 2ϩ ] i was visualized using a 510-nm band-pass excitation filter, a 510-nm dichroic mirror, and a 540-nm long-pass emission filter. The image sampling rate was 1 frame every 3s. A total of 100 frames were acquired for each cell monolayer at given time condition. All individual cells were manually outlined in the phase contrast images by using the Scion Image program (Scion Corporation). The average fluorescent intensity of the cell region by manually was represented on a 256-gray scale. Then, fluorescent intensity of [Ca 2ϩ ] i in individual cells was analyzed as a normalized value calculated from the ratio of the fluorescent intensity at the respective time to the mean intensity of the total 5-min measurement time. We defined an increase of the fluorescent intensity of [Ca 2ϩ ] i as a [Ca 2ϩ ] i response when the fluorescent intensity was 30% larger than the mean intensity.
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Macromolecule uptake measurement and analysis
After different level of shear stress loading (0-80 dyn/cm 2 ) for 48 hr, the coverslips were removed from the flow chamber, then soaked in PBS including tetramethylrhodamine conjugated albumin (1 mg/ml, TRITC-albumin, Molecular Probes) and albumin (3 mg/ml, Sigma) pre-warmed at 37°C, and then incubated for 60 min. The ECs were rinsed three times with 2 ml of PBS, fixed in 2% parafolmaldehyde for 2 min, and then again rinsed three times with 2 ml of PBS. The fluorescent and phase contrast images of the cells were obtained by using a CLSM (MRC-600, Bio-Rad Microscience) mounted on an inverted microscope (TMD 300, Nikon) with a NCF Plan Apo DM 63X objective lens (NA 1.4). The excitation wavelength was 514 nm from a 25-mW argon laser. The TRITC-albumin was visualized using a 509-to 519-nm band-pass excitation filter, a 540-nm dichroic mirror, and a 550-nm long-pass emission filter. The ECs images were recorded from five visual fields per each coverslip. The uptake for a no-stress (i.e., no flow) sample from the same lot and the same generation of cells, but not exposed to shear stress, was measured as the control.
Statistical analysis
Statistical comparisons were done by using one-way analysis of variance (ANOVA), and differences among two groups were calculated using post hoc tests. A difference at pϽ0.05 level was judged as significant. The data are presented in terms of meanϮstandard deviation. Fig. 1 shows representative single-cell [Ca 2ϩ ] i responses in cultured BAEC monolayers exposed to a shear stress of 20 dyn/cm 2 at the initiation of shear stress (0 hr). Fig. 1a shows the fluorescent images of single-cell [Ca 2ϩ ] i responses. In this case, the [Ca 2ϩ ] i responses occurred at about 60 s, 240 s, and 300 s after initiation of shear stress (Figs. 1a and 1b) . Totally, the number of [Ca 2ϩ ] i responses was 3 during 5 min.
Results
Single-cell [Ca 2ϩ ] i responses of ECs subjected to shear stress
Effect of shear-stress exposure time on the number of [Ca 2ϩ ] i responses 
Effect of shear stress magnitude on the macromolecule uptake into ECs
The macromolecule uptake into endothelial cells depended on imposed shear stress (Fig. 3) . At 10 dyn/cm 2 , the albumin uptake showed a 1.3 folds increase. The albumin uptake 460 Effect of Fluid Force on Vascular Cell Function (Kudo et al., 2003) decreased with increasing shear stress, and minimum uptake was quarter of the no flow condition at 60 dyn/cm 2 .
Discussion
At the initiation of shear-stress exposure (0 hr), the number of [Ca 2ϩ ] i responses was 27%, and decreased with increasing exposure time until it reached about 4% after 24 hr of shearstress exposure. Steady-flow-induced [Ca 2ϩ ] i responses in single ECs have been reported. Shen et al. (1992) monitored [Ca 2ϩ ] i oscillations in single BAECs during exposure to laminar fluid shear stress (shear-stress range between 0.08 and 8 dyn/cm 2 ), and showed that application of shear stress caused repetitive oscillations in [Ca 2ϩ ] i in single BAECs and that the frequency of the oscillations depended on the magnitude of applied shear stress. Helminger et al. (1996) investigated [Ca 2ϩ ] i responses in single BAECs exposed to different levels of steady flow (shear-stress range between 5 and 70 dyn/cm 2 ). In particular, they investigated the relative percentage of cells exhibiting 0, 1-2, or 3-8 [Ca 2ϩ ] i oscillations during the first 9 min after initiation of flow, for different levels of steady shear stress, and showed that about 40% of the cells exhibited 1-2 oscillations at a shear stress of 20 dyn/cm 2 (the same shear stress level that we used in our experiments). In our experiments, 25% of the cells exhibited 1-2 oscillations during the first 5 min at the initiation of shear-stress exposure (0 hr) as in Fig. 2 . Taking into consideration the difference in monitoring time (9 and 5 min), our result is similar to the results by Helminger et al.
The albumin uptake into ECs exposed to shear stress increased for lower shear stress range and decreased for high shear stress. This result is striking that it is quite consistent with the low shear stress hypothesis for the initiation of atheroscrelotic lesion (Caro, 1969) .
In this study, ECs function depended on the shear stress exposure time and the shear stress magnitude. This shear and time dependency of EC functions is a unique feature of EC, and may play a key role for the controlling mechanism of ECs, furthermore, circulatory system in the human body. (Kudo et al., 2003) .
Fig. 3
Effect of different shear stress on albumin uptake into endothelial cells. MeanϮSD (* pϽ0.05 vs. no flow) (Kudo et al., 1998) .
